The US2 and US11 glycoproteins of human cytomegalovirus facilitate destruction of MHC class I heavy chains by proteasomal proteolysis through acceleration of endoplasmic reticulum-to-cytosol dislocation. Modification of the class I heavy chain was used to probe the structural requirements for this sequence of reactions. The cytosolic domain of the class I heavy chain is required for dislocation to the cytosol and for its subsequent destruction. However, interactions between US2 or US11 and the heavy chain are maintained in the absence of the class I cytosolic domain, as shown by chemical crosslinking in vivo and coprecipitation when translated in vitro. Thus, substrate recognition and accelerated destruction of the heavy chain, as facilitated by US2 or US11, are separable events.
The central role of MHC class I products in an antiviral immune response is well established. A number of viruses encode proteins that can inhibit or abolish surface display of MHC class I on infected cells, and the viral products responsible act at different points in the MHC class I biosynthetic pathway (1) . Human cytomegalovirus encodes two endoplasmic reticulum (ER)-resident glycoproteins, US2 and US11, either of which is sufficient to induce the rapid dislocation of newly synthesized MHC class I glycoproteins from the ER to cytosol, where the class I heavy chains are degraded by the proteasome (2) (3) (4) .
The detailed mechanism of dislocation is not understood, although some clues have emerged. First, when proteasomal proteolysis is inhibited, a characteristic deglycosylated intermediate is observed, which is the product of N-glycanase attack on the class I heavy chain. This intermediate accumulates in the cytosol. Second, this process does not seem to be limited to the rapid (t 1/2 Ͻ 5 min) reaction catalyzed by US2 or US11-other polypeptides that fail to fold properly are also degraded in a proteasome-dependent manner. Examples include yeast secretory proteins prepro-␣ factor and improperly folded carboxypeptidase Y (5, 6) as well as the mammalian polytopic CFTR protein (7) (8) (9) , apolipoprotein B (10), and ␣1-antitrypsin (11) . The T cell receptor ␣ chain, unstable when expressed without its folding partners, was also shown to be degraded by the proteasome (12) . For T cell receptor ␣ chain and some of the above cases, deglycosylated cytosolic intermediates are seen when proteasome is inhibited. Also, class I heavy chains synthesized in the absence of ␤ 2 -microglobulin (␤ 2 m, light chain) fail to fold properly, and characteristic dislocation intermediates can be detected in these cells on inhibition of proteasomal proteolysis (13, 14) . Third, the translocon (Sec61p complex) may be the conduit through which the polypeptide chain is removed to the cytosol, as shown not only by coimmunoprecipitation experiments in cells actively dislocating MHC class I heavy chains (4) but also by genetic studies in yeast (15, 16) . Finally, ER-to-cytosol dislocation is sensitive to agents that modify free thiols or alter the redox state of the cell more generally. Not only did agents such as diamide or N-ethylmaleimide (NEM) inhibit dislocation of the class I heavy chain, but a T cell receptor ␣ chain mutant lacking cysteines was likewise affected, indicating that substrate thiols are not primarily responsible for the NEM block of dislocation (14) . The balance between oxidation and reduction within the cell thus contributes not only to protein folding in general, but also to functioning of the dislocation machinery.
Here we examine the substrate requirements for dislocation through modification of the class I heavy chain. We demonstrate that the cytosolic tail of the class I heavy chain is essential for its dislocation from ER to cytosol, but not for binding of US2 or US11. The recognition elements whereby US2 and US11 bind to the class I glycoprotein can be preserved, yet without concomitant dislocation of the substrate.
MATERIALS AND METHODS
Construction of MHC Class I Heavy Chain Mutants. The HLA-A*0201 heavy chain (HLA-A2) was amplified by PCR from a full length cDNA in which the signal peptide was converted to the mouse H-2 K signal peptide, which enhances in vitro translation in some instances. The primers used were A 2NEco (5Ј-CGGA AT TCACCACCATGGTACCGTG-CACGCTGCTCCT-3Ј) and A2TMXho (5Ј-CCGCTCGAGT-CAGCTCTTCCTCCTCCACATCACAG-3Ј). EcoRI and XhoI cloning sites, as well as a consensus translation start site (17) , are encoded in the primers. The second primer introduces a stop codon, resulting in the truncated heavy chain diagrammed in Fig. 1 . All constructs were sequenced.
Metabolic Labeling and Immunoprecipitation. MG373 astrocytoma cells were collected and preincubated in methionine͞cysteine-free DMEM with or without proteasome inhibitor. The proteasome inhibitor ZL 3 VS (50 m) was added as indicated in the figures (18) . Metabolic labeling and immunoprecipitation were performed as described (3, 19) . Rabbit anti-class I heavy chain serum (␣HC) recognizes free heavy chains; the monoclonal antibody W6͞32 recognizes assembled class I molecules (20) . The US2 and US11 antisera were generated by immunizing rabbits with peptides and will be described elsewhere. Fractionation experiments were done as described previously (3) . Quantitation of autoradiograms was done by using ALPHAIMAGER software by Alpha Innotech (San Leandro, CA).
Crosslinking. Astrocytoma cells were incubated for 1 hr with ZL 3 VS, then metabolically labeled for 30 min. Cells were placed on ice and washed with ice-cold PBS. Dithiobis(succinimidyl propionate) (DSP, 5 mM; Pierce) was added from 30 ϫ stock in DMSO, and crosslinking was allowed to proceed on ice. After 30 min, Tris buffer, pH 7.4 (100 mM), was added to quench for 15 min on ice. Samples were diluted with 10 volumes of Nonidet P-40 lysis buffer and immunoprecipitated with W6͞32 antibody. One-fifth of the W6͞32 immunoprecipitate was set aside for direct analysis, whereas two-fifths was precipitated with ␣HC and two-fifths with ␣-US2 or ␣-US11, as appropriate.
In Vitro Transcription͞Translation. In vitro transcription was performed as described (12) on 5 g of HLA-A2, tailless HLA-A2, US11, and US2 cDNAs cloned into the pCDNA3.1 plasmid (Invitrogen) or HLA-DR1␣ and ␤ 2 m cDNA in the pSP72 plasmid (Promega). In vitro translations were performed for 2 hr in a total reaction mixture of 30 l, containing 17.5 l Flexi Rabbit Recticulocyte Lysate (Promega), 0.8 l KCl (2.5 M), 0.5 l amino acid mixture minus methionine (1 mM; Promega), 2.5 l [ 35 S]methionine (10 mCi͞ml, translation grade; NEN), 1 l canine pancreatic microsomes, and 2 l mRNA. DTT (1 mM) was added to some translations as indicated in Fig. 5 . After translation, for the US2 experiment (Fig. 5a ), microsomes were sedimented (15 min, 12,000 ϫ g) and lysed in 1% digitonin (Boehringer Mannheim) in digitonin buffer (DB, 25 mM Hepes, 150 mM KOAc, pH 7.7). Immunoprecipitation was done as above, except washes were in 0.2% digitonin in DB. The US11 translations (Fig. 5b) were lysed in Nonidet P-40 lysis buffer rather than digitonin.
RESULTS
Tailless MHC Class I Heavy Chains Are Stable in the Presence of US2 or US11 Products. The heavy chain of MHC class I (heavy chain) is rapidly degraded in the presence of either the US2 or US11 glycoprotein encoded by human cytomegalovirus. To investigate the possible involvement of the cytosolic tail of class I heavy chains in their dislocation, a deletion of all but four amino acids of the cytosolic domain of HLA-A2 was generated (Fig. 1) . The remaining four residues were retained to allow the class I heavy chain to properly insert in the membrane (21) . Others have shown that similarly truncated HLA-A2 molecules behave like the full length heavy chain with respect to folding, expression on the cell surface, and internalization from the plasma membrane (22, 23) .
Astrocytoma cell lines (24) expressing US2, US11, or neither (control cells) were transfected with the tailless form of HLA-A2 (tailless A2), and stable clones were selected. The fate of endogenous and tailless heavy chains was examined by metabolic labeling and immunoprecipitation in pulse-chase experiments in the absence of proteasome inhibitor (Fig. 2) . The rabbit anti-heavy chain serum (␣HC, Top) reacts with free heavy chains, whereas the W6͞32 monoclonal antibody (Bottom) reacts with properly folded, ␤ 2 m-complexed heavy chains. In US2-or US11-expressing cells, in the absence of proteasome inhibitors, the endogenous class I heavy chains (wild-type HC) are mostly degraded by 30 min of chase ( Fig.  2 a and b, left lanes). This is in marked contrast with the tailless heavy chains ( Fig. 2 a and b, right lanes), which persist in the presence of US2 and US11. Free full length heavy chains in the tailless A2-transfected cells decrease over the chase such that 27% and 45% of the starting material is recovered at 30 min for US2 and US11 cells, respectively. Folded full length heavy chains recovered from these cells also decrease over the chase, to 51% and 42% of starting material for US2 and US11 cells, respectively. In contrast, there is a 10% increase in the recovery of tailless free heavy chains over the chase for both US2 and US11 cells, but more importantly, the recovery of folded (W6͞32-reactive) tailless A2 is substantial at the zero time point and increases 30% over the chase in the US2-expressing cells, with a three-fold increase in recovery of folded tailless A2 in the US11-expressing cells. In control cells (Fig. 2c) , both the endogenous heavy chains and the tailless A2 molecules are stable, and their folding occurs during the chase period as reflected by a continuous increase in recovery of W6͞32-reactive material.
The rate of heavy chain loss is slowed in the presence of tailless A2. The rates of full length heavy chain loss seen for US2 cells (Fig. 2a ) and US11 cells (Fig. 2b) , respectively, are 2.3 times slower and 4 times slower when tailless A2 is present. Nonetheless, the behavior of the endogenous and tailless heavy chains is clearly distinct. We observe an increase in the recovery of folded W6͞32-reactive material over the chase only for the tailless heavy chain, with concomitant loss of folded wild-type heavy chain. We typically observe the glycosylated form of US2 in association with folded heavy chains [W6͞32, (4) ], and the added presence of tailless A2 does not seem to inhibit this association (Fig. 2a) .
Dislocation of Endogenous MHC Class I Heavy Chains Is Inhibited by the Presence of Tailless A2. The degradation of class I heavy chains targeted by US2 and US11 occurs by their dislocation to the cytosol where they are attacked by the proteasome. The addition of proteasome inhibitors to cells expressing US2 or US11 allows the recovery of heavy chain intermediates that are cytosolic and have lost their N-linked glycan in a peptide N-glycanase-type reaction (3). These deglycosylated intermediates, which accumulate during the chase period, are seen most clearly in cells that do not express tailless A2 ( Fig. 3a left lanes; ␣HC) . The deglycosylated intermediate does not accumulate in control cells (Fig. 3b) . When tailless A2 is introduced into US2 or US11 cells, we observe a retardation of dislocation of endogenous heavy chains, reflected by decreased recovery of its deglycosylated intermediate and by a slower loss of fully glycosylated heavy chains (similar for US2 cells; data not shown). The half-life of full length glycosylated heavy chains calculated for US11 ϩ cells is approximately 5 min, whereas for the US11 ϩ cells transfected with tailless A2 the recovery of glycosylated full length heavy chains is nearly constant over the course of the experiment. In subcellular fractionation experiments, we do not observe accumulation of glycosylated heavy chains in the cytosol fraction. The absence of deglycosylated intermediate is therefore a valid indicator of a lack of dislocation. One representative fractionation experiment is shown (Fig. 3c) . Deglycosylated full length heavy chains are recovered quantitatively in the cytosol, whereas no tailless heavy chains are found in the cytosol.
Though the retardation in heavy chain dislocation is more clearly seen in the presence of proteasome inhibitors, this result agrees with our observations in untreated cells (Fig. 2) and suggests that the additional heavy chains are competing for some aspect of the dislocation machinery. The association of US11 in the W6͞32 complex is readily observed (Fig. 3a) . Note that the recovery of US11 is significantly enhanced when tailless A2 is present and when proteasomes are inhibited (compare Figs. 2b and 3a) . In the presence of proteasome inhibitors, the endogenous heavy chains in US11 cells decrease during the chase. The tailless heavy chains, in contrast, are stable and continue to fold during the chase. The expression of epitope-tagged dislocation-competent heavy chains in US2 or US11 cells also retards the dislocation of endogenous heavy chains, but to a lesser extent (C.M.S., data not shown).
These experiments do not allow us to determine whether US2 or US11 associates with tailless A2 or full length heavy chains, especially because protein synthesis was not inhibited during the chase. Because dislocation of class I heavy chains is slowed in these cells, US2 or US11 may have more time to associate with both tailless and full length class I molecules in the ER. For US2, we now have biochemical evidence using recombinant protein that suggests US2 and class I molecules associate in a one-to-one stoichiometry (B. Gewurz, personal communication). We do not observe either US2 or US11 in association with free heavy chains (data not shown). The decreased rate of dislocation of endogenous heavy chain in the presence of tailless A2 would be expected if the tailless heavy chains were to compete for binding to US2 and US11. The possibility of direct binding of both full length and tailless MHC class I heavy chains to US2 and US11 is examined below. US2 and US11 Bind Tailless A2 in Vivo and in Vitro. We examined the capacity of US11 and US2 to interact with the tailless class I heavy chain more directly by chemical crosslinking. Metabolically labeled cells were crosslinked with the cell-permeable thiol-cleavable crosslinker DSP. Folded heavy chain complexes were recovered first with W6͞32. A portion of this immunoprecipitate was set aside for direct analysis. The remainder was denatured by boiling in SDS in the absence of reducing agent to maintain the crosslinked condition. Reimmunoprecipitation of crosslinked material was then performed with ␣HC and ␣-US2 or US11 antibodies, as indicated, followed by analysis on reducing SDS͞PAGE. After crosslinking, tailless heavy chains are recovered with both ␣-US2 or ␣-US11 (Fig. 4) , indicating their association in the W6͞32-reactive complex. Also, US2 and US11 are recovered with the ␣HC serum. The recovery of tailless heavy chain by reprecipitation with ␣-US2 or ␣-US11 is direct evidence that US2 and US11 form complexes with tailless HLA-A2. The presence of DSP was necessary to observe these effects (data not shown).
Physical association between either US2 or US11 and tailless heavy chains can also be demonstrated in vitro (Fig. 5 ). Wild-type or tailless A2 mRNAs were translated in vitro together with ␤ 2 m and either US2 or US11 mRNA. Inclusion of canine microsomes allows the formation of the class I MHC heterodimer, as judged by accumulation of a W6͞32-reactive complex. HLA-DR1␣ mRNA was included in translation reactions as a polypeptide that should not be recovered in the W6͞32-reactive complex and thus served as an internal negative control. A portion of the microsomes was then analyzed directly by SDS͞PAGE, while the remainder was lysed in detergent and immunoprecipitated with W6͞32. The lysates were immunoprecipitated with ␣HC and ␣-US2 or ␣-US11 to confirm the presence of comparable amounts of the relevant polypeptides in each translation (not shown). Translation of all transcripts can be seen in the samples analyzed directly. Immunoprecipitation with W6͞32 recovers both full length A2 Proc. Natl. Acad. Sci. USA 96 (1999) and tailless A2 associated with ␤ 2 m, together with US2 (Fig.  5a ) and US11 (Fig. 5b) . DTT strongly inhibits protein folding, as it blocks proper intrachain disulfide bond formation in the translated polypeptides. Inclusion of DTT inhibited the coprecipitation of US2 or US11 with W6͞32 and also inhibited heavy chain association with ␤ 2 m, as evidenced by little recovery of W6͞32-reactive material in the DTT samples. We consistently observe considerable recovery of radiolabeled ␤ 2 m in the DTT-containing samples immunoprecipitated with W6͞32. One explanation for this result is that the in vitrotranslated ␤ 2 m continues to fold in the presence of this modest concentration of DTT and can also associate with preexisting unlabeled canine class I heavy chains that reside in the microsomes used for translation. Indeed, interspecies exchange of ␤ 2 m is a common occurrence (25, 26) . At no time does HLA-DR1␣ coprecipitate with class I molecules or US2͞US11. Thus, US2 and US11 are recovered by virtue of their specific association with the class I complex. Furthermore, the W6͞32 antibody does not precipitate US2 or US11 when these products are translated in the absence of heavy chain. Our ability to recover specific complexes between class I and US2 or US11, both in vitro and by chemical crosslinking in vivo, shows that the association between these partners does not require the cytosolic tail of the class I heavy chain.
DISCUSSION
Cells that express US2 or US11 provide a system to study the process of ER-to-cytosol dislocation, an important route of disposal for improperly folded or incorrectly multimerized proteins. This pathway has been coopted by the human cytomegalovirus to target MHC class I glycoproteins for destruction. In one and the same US2-or US11-expressing cell, the fate of endogenous heavy chains can be compared with that of altered forms of heavy chain introduced by transfection. We show that MHC class I heavy chains lacking their cytosolic tail are refractory to US2-and US11-mediated attack, while the endogenous heavy chains continue to be destroyed. For dislocation of heavy chains, the cytosolic domain may provide a point of contact for machinery in the cytosol to extract the MHC class I heavy chain from the ER membrane. The following model is consistent with our observations of heavy chain dislocation (Fig. 6 ): US2 and US11 bind to class I heavy chain within the ER lumen and deliver it to the site of dislocation (a). US2 and US11 may interact with the translocon, perhaps modifying it in such a way that the heavy chain may reenter the translocon, in what is a reversal of the normal process of release from the Sec61p channel into the lipid environment of the membrane. The heavy chain is then dislocated by extraction from the ER on its way to proteolysis in the cytosol (b). The cytosolic tail of class I heavy chain is in fact required for extraction. Therefore, cytosolic factors (black box) such as heat-shock proteins of the Hsp70 family could be involved in this extraction, perhaps providing energy for the reaction or acting as a ratchet to prevent heavy chain from sliding back into the ER lumen. Such a mechanism would be akin to what has been proposed as the ratchet role for Hsp70 family members in protein import into the ER in yeast (reviewed in ref. 27 ) and the mitochondrion (28) . Because the cytosolic deglycosylated breakdown intermediates of the class I heavy chain are not observed in the absence of proteasomal inhibitors, even when using pulse-labeling times of 1 min or less, dislocation and degradation by the proteasome are tightly coupled (c). When proteasomal activity is compromised, the bulk of the dislocating substrate is deflected into the cytosol and accumulates as a deglycosylated polypeptide (d). The N-glycanase activity likely acts immediately on removal of the polypeptide from the ER environment, because glycosylated heavy chains are not observed in the cytosol in the course of dislocation when proteasome function is preserved. For entry of the class I heavy chain into the proteasome, the glycan could pose steric constraints and would have to be removed for the heavy chain to reach the active sites within the proteasome. In cells that express tailless heavy chains, the heavy chains may engage the dislocation machinery, but the process cannot be completed for lack of the cytosolic portion required for extraction from the membrane. The tailless class I heavy chain should thus compete with endogenous class I heavy chains and, at high levels of expression, competitively inhibit dislocation of endogenous heavy chains. Such competition is in fact observed (Figs. 2 and 3) .
The cytosolic domain of HLA-A2 contains three lysines in or near its cytosolic domain. Mutagenesis of these lysines to arginine does not prevent dislocation by US2 and US11 (C. Shamu, C.M.S., T. Rapoport, H.L.P., unpublished observation). Thus, we may rule out ubiquitin conjugation of the cytosolic tail as a requirement for the occurrence of heavy chain dislocation. This proposal is at odds with several reports in the literature in which ubiquitination of substrate was required for substrate degradation and suggests that several distinct modes of protein removal from the ER may be defined based on this criterion alone (7, 9, 29, 30) . Endocytosis of growth hormone receptor (31) and yeast alpha factor receptor (32) involve an intact ubiquitin conjugation apparatus. Because ubiquitination of the cytosolic tail is not required for the dislocation of MHC class I heavy chains, and because a major fraction of cytosolic heavy chains that accumulate in the presence of proteasome inhibitors appears not to be ubiquitinated, we suggest that for dislocation of class I heavy chain, the putative factors involved are likely distinct from the ubiquitin-conjugation machinery. However, we cannot exclude the possibility that these factors could be involved in both processes.
Candidates for cytosolic factors involved in extracting substrates from the translocon include chaperones and also the PA700͞19S regulatory complex of the proteasome. Cytosolic Hsp70, together with J-domain-containing proteins, is known to bind extended stretches of polypeptide that would be exposed during dislocation (33, 34) . The degradation of apolipoprotein B involves dislocation to the cytosol and is influenced by levels of cytosolic Hsp70 in HepG2 cells (35) . Also, Hsp70 is modified by thiol alkylating agents like NEM (36), consistent with our observation that modest levels of NEM block dislocation of MHC class I heavy chains and of a T cell receptor ␣ dislocation substrate lacking cysteines (14) . The 20S proteasome core particle combines in the cytosol with a large regulatory particle, the PA700͞19S complex, which is thought to unfold polypeptides before they can enter the proteasome, as well as to remove ubiquitin chains (37) . Where ubiquitination of the substrate is required for dislocation, the proteasome itself may be involved in unfolding and removal of the substrate from the ER environment. This process could be enhanced by the proteasome's recognition of ubiquitin moieties. In yeast, where proteasome mutant strains are available, the rate of membrane extraction of a short-lived ER membrane protein depends on the functionality of the proteasome, suggesting a role of the proteasome in extracting the substrate (38) . We have also observed that when the proteasome is blocked in US2 or US11 cells, the rate of dislocation of MHC class I molecules is slowed (C.M.S., unpublished observations). The proteasome could be the factor that binds the cytosolic tail of class I heavy chain and extracts MHC class I heavy chains from the ER membrane. The PA700͞19S complex is likely to possess chaperone-like properties that allow it to interact with substrates that are not ubiquitinated.
The notion that the US2 and US11 glycoproteins themselves contain all the elements required for dislocation, as long as binding to MHC products is established, is ruled out by our experiments with truncated heavy chains. Because binding between US2 or US11 and tailless class I is preserved, yet no dislocation of this substrate is observed, we conclude that US2 and US11 alone do not have the capability to remove heavy chains from the ER. Our experiments do not rule out the possibility that the binding between US2 or US11 and class I heavy chains is subtly altered, nor can we exclude the possibility that class I heavy chain's cytosolic tail is involved in an essential interaction with the translocon. However, we believe our interpretation is the simplest one based on topological considerations. The identification of elements in the carboxyl terminus of the heavy chain that are essential for its dislocation is therefore an important experimental goal.
